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Abstract

Biomedical sensing technologies are essential for real-time health monitoring and dis-
ease management. Among their applications, blood glucose monitoring is of particular
importance due to the global prevalence of diabetes that demands early detection and
continuous management. Although clinically approved invasive methods exist, they are
often inconvenient and unsuitable for continuous monitoring. Despite extensive research,
non-invasive glucose monitoring, whether through wearables or smartwatches, remains an
unsolved challenge, with no commercially or clinically validated solutions available.

Radar-based biomedical sensing offers a promising non-invasive, continuous monitor-
ing approach with tissue penetration capabilities. However, challenges such as suboptimal
antenna design, near-field limitations, air-skin impedance mismatch, and poor depth reso-
lution persist. A key objective in improving radar sensing performance is to maximize the
transmitted power density from the radar’s transmit (TX) antenna into the target medium
while simultaneously enhancing the reflected power received by the receive (RX) antenna.
This dual enhancement significantly improves the radar’s signal-to-noise ratio (SNR). In-
tegrating advanced lenses and metasurfaces addresses these limitations, enabling efficient,
practical deployment without major redesigns.

This research introduces the development and implementation of novel radar-based
methodologies tailored for biomedical sensing applications. Through innovative system
design, advanced signal processing, and rigorous experimental validation, the proposed
solutions address key challenges in on-body sensing. The first contribution focuses on
advanced lens designs, such as dielectric rod arrays and modified gradient-index (GRIN)
Luneburg lenses, aimed at enhancing radar-based external health monitoring at 10 GHz.

The second contribution advances metasurface technologies for internal biomarker mon-
itoring, enabling compact, skin-contact wearable systems with enhanced sensitivity and
spatial resolution, with a specific emphasis on non-invasive blood glucose detection. Oper-
ating in the 58-63 GHz millimeter-wave band, the proposed metasurface-enhanced radar
system integrates the BGT60TR13C sensor from Infineon Technologies with a planar,
phase-synthesized metasurface for near-field focusing within the skin dermis layer, achiev-
ing over 11-fold improvement in SNR, by enhancing both transmitted and reflected power.
Four progressively objectives are presented, each expanding upon the foundation of the pre-
vious stage: single-band, single-focus metasurface, a preliminary design serving as proof
of concept; metasurface-enhanced multi-radar fusion for distributed sensing; dual-band,
dual-focus metasurface for depth-selective monitoring; and a multi-band, multi-focus non-
interleaved metasurface for combined spatial and depth resolution. These innovations have
the potential to revolutionize non-invasive, continuous health monitoring.
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Chapter 1

Introduction

Radar technology provides a high level of resolution and accuracy in identifying delicate
variations within biological tissues and uids. The detailed precision of radar signals en-
ables in-depth sensing and comprehensive characterization of biological structures, thereby
facilitating precise diagnosis and ongoing monitoring of medical conditions. This capabil-
ity to identify and distinguish minor irregularities or deviations from the standard serves

a crucial role in the early detection of diseases and contributes signi cantly to planning
treatments and interventions. This thesis focuses on employing near- eld radar sensing in
the realm of biomedical applications, discussing its potential advantages, advancements,
and applications that contribute to enhancing healthcare and medical diagnostics.

In this chapter, we delve into the motivation behind our research, focusing on the chal-
lenges of utilizing radar technology for internal physiological sensing. Unlike conventional
biomedical sensing methods that monitor external vital signs such as heart rate or res-
piration through skin movement, our work targets the detection of internal biomarkers,
such as glucose levels, o ering a non-invasive window into the body's physiological state.
We present clear objectives that guide the proposed steps and address the complexities
of integrating radar systems into advanced biomedical applications. This targeted ap-
proach establishes a strong foundation for exploring the transformative potential of radar
in non-invasive internal health monitoring.

1.1 Motivation

Radar-based biomedical sensing systems o er a promising avenue for non-invasive, con-
tactless, and continuous monitoring of physiological parameters, addressing the growing
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demand for long-term health observation with minimal patient discomfort. Unlike tradi-
tional methods that require physical contact, often involving cumbersome electrodes or
wearable sensors, radar systems enable passive sensing, signi cantly enhancing patient
comfort and compliance. The motivation for using such contactless systems lies in their
potential to reduce costs, extend device lifespan, and provide reliable sensing over pro-
longed periods. Applications span from post-operative recovery tracking to evaluating
lifestyle impacts such as diet, exercise, and substance intake on sleep and overall health.

However, while conventional biomedical radar systems have largely focused on external
vital signs, such as respiration and heart rate, through the detection of mechanical move-
ments at the skin surface, this thesis targets a more challenging and underexplored domain:
non-invasive detection of internal physiological markers, such as blood glucose levels. This
shift introduces critical challenges, particularly in terms of antenna design, electromagnetic
wave penetration, and interaction with the heterogeneous dielectric properties of human
tissues.

In striving to achieve precise and high-quality sensing for biomedical applications
through radar technology, a signi cant obstacle arises in the form of near- eld-focused
antennas. Merely designing an antenna is insu cient to adequately penetrate the human
body and deliver e ective sensing capabilities. The primary challenge lies in the limited ca-
pabilities of these antennas to e ciently access and capture data from the body's intricate
and varied internal structures. This hinders their ability to provide accurate and in-depth
sensing, emphasizing the need for a more sophisticated approach that surpasses the limi-
tations of antenna design to enhance penetration and improve overall sensing performance
within biomedical applications.

Radar systems operating at millimeter-wave frequencies, especially frequency-modulated
continuous wave (FMCW) radars, have garnered attention for their high resolution and
sensitivity to dielectric property variations. These features are crucial for detecting sub-
tle physiological changes, such as variations in glucose concentration or the presence of
anomalies like tumors. Their compact size makes them especially suitable for integration
into wearable systems, such as smartwatches or biomedical rings. Nonetheless, their limited
penetration depth remains a bottleneck for deep tissue sensing. In contrast, lower-frequency
radar systems o er superior tissue penetration at the expense of spatial resolution, neces-
sitating a careful trade-o based on the sensing application.

In bio-sensing scenarios, the e ectiveness of radar hardware is evaluated by utilizing
the near- eld sensing capabilities of the antenna when it is placed in immediate proximity
to the human body. Focusing energy at speci ¢ internal locations can signi cantly enhance
signal delity and sensing accuracy. This requires not only e ective spatial control of the



electric eld but also meticulous consideration of impedance matching, power delivery,
and interaction with complex tissue dielectric proles. An e ective technique involves
harnessing the radiated power of the transmitter antenna to focus the electric eld at
a specic location near the radar surface. This process enables the system to capture
re ected signals carrying relevant information from the target, consequently enhancing
the near- eld sensing capabilities. Such an approach signi cantly improves the system's
capacity to detect and gather information when the radar is closely situated to the human
body.

The literature reveals a considerable gap in the development of radar antennas opti-
mized for internal biomedical sensing. Initially, there is a shortage of research focusing on
millimeter-wave, hindering progress in developing applicable technologies for biomedical
use. In addition, many existing designs for near- eld sensing are hampered by bulky ge-
ometries, high-pro le structures, and lossy feeding networks, rendering them impractical
for real-time or wearable healthcare applications.

Moreover, the conventional practice of de ning the far- eld by placing the focal point
distant from the antenna limits the ability to focus very close to the aperture, imposing
a substantial constraint on targeting speci ¢ areas in biomedical contexts. In the domain
of near- eld antenna design, it is essential to emphasize that far- eld design parameters
should not be uniformly applied. While considerations like radiation pattern, antenna
gain, directivity, and sidelobe level are crucial in most applications, their interpretation
di ers in the context of near- eld antennas. The primary aim of near- eld antenna design
is to optimize the performance and characteristics of the antenna in close proximity to the
radiating source, typically within a wavelength or less. Therefore, the focus shifts towards
achieving e cient power transfer, minimizing near- eld distortions, and tailoring the an-
tenna's features to meet the speci c requirements of short-range communication systems.
Employing far- eld design parameters without adjustments in the near- eld context can
result in suboptimal performance and potentially nullify the advantages of using near- eld
antennas.

Furthermore, the oversight regarding impedance matching in the near- eld signi cantly
restricts the practical application of these antennas for direct contact with the human body,
a crucial element in their integration into medical devices. In medical microwave sensing,
antennas are positioned close to the body to capture faint echoes from internal organs,
often overshadowed by strong re ections from the skin. Considering the antennas' close
proximity to the body, it becomes imperative to carefully address the characteristics of
near- eld antennas. Challenges arise when attempting to integrate these antenna structures
with compact devices like radars or sensors, limiting their feasibility in real-time health
monitoring applications. Despite common use of optimization techniques to achieve near-
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eld focus, a notable gap exists due to the lack of comprehensive theories in near- eld
studies, particularly concerning impedance and electric eld behavior. This shortfall has
contributed to the absence of any widely adopted commercial or clinical device for non-
invasive glucose monitoring using radar, despite substantial research e orts. Attempts
have included sensing through interstitial uid and sweat, yet the realization of a reliable,
fully contactless blood glucose sensor remains elusive.

The development of antennas for bio-sensing devices, meant for in-body applications,
presents considerable challenges due to various crucial factors involved in their design.
These factors encompass antenna size, bandwidth, patient safety, and diverse security
considerations. The complex dielectric properties of human tissues and the need for wide
bandwidth pose signi cant limitations in these applications. Even with recent progress in
diagnosing diseases like lung conditions, persistent limitations exist that need addressing,
such as low spatial resolution and the necessity for real-time monitoring in appropriate
clinical settings. These challenges underline the complexity and ongoing hurdles in the
development of e ective bio-sensing devices for a range of medical applications.

Tackling these challenges is pivotal for creating e ective, e cient, and practical antenna
solutions in biomedical applications. Recent advances in metasurfaces, which enable dy-
namic manipulation of electromagnetic waves, o er a powerful solution. When integrated
with radar platforms, metasurfaces can enhance eld control, improve sensitivity, and in-
crease resolution. This synergy promises a new generation of bio-radar systems capable of
non-invasive, accurate, and reliable internal sensing, contributing to the next frontier in
personalized healthcare technologies.

1.2 Objectives

Radar systems have increasingly demonstrated their suitability for a wide range of biomed-
ical applications due to their ability to operate reliably in complex environments and pen-
etrate various non-metallic materials including biological tissues, without requiring direct
contact. This unique capability allows healthcare professionals to gather vital physio-
logical information in real-time, supporting early diagnosis, continuous monitoring, and
timely intervention. Compared to conventional imaging and sensing systems, radar o ers
a cost-e ective, portable, and non-invasive solution suitable for integration into wearable
or handheld platforms. These features are particularly appealing for applications such as
blood glucose monitoring, fall detection, tumor localization, and sleep apnea diagnosis.

However, realizing the full potential of radar sensing in biomedical applications, espe-
cially for internal and non-invasive monitoring of biomarkers like glucose, demands sig-
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ni cant innovation at the hardware level, most critically in the design and integration of
near- eld sensing antennas. Near- eld operation is essential for biomedical radar systems
operating in close proximity to human skin or tissue. Yet, challenges such as limited pen-
etration depth at high frequencies, air-to-skin impedance mismatches, and ine cient eld
focusing severely limit the e cacy of o -the-shelf radar modules.

Recent advancements in metasurfaces, subwavelength structures capable of manipulat-
ing electromagnetic waves with high precision, o er a powerful means to overcome these
limitations. Metasurface-enhanced radar antennas enable the design of compact, low-pro le
systems with superior near- eld focusing, resolution, and sensitivity. When properly de-
signed, metasurfaces act as impedance-matching interfaces between the radar antenna and
the biological tissue, maximizing the absorbed power and enhancing backscattered signal
levels without disturbing the system's matching network. These advantages can be har-
nessed to boost signal-to-noise ratio (SNR) and sensing accuracy in radar-based biomedical
applications.

This thesis proposes a comprehensive investigation into the use of metasurface-enabled
radar systems for non-invasive physiological monitoring, with a focus on glucose sensing
and deep-tissue anomaly detection. The thesis aims to address both the theoretical and
practical challenges of designing e ective near- eld radar sensors for the human body,
bridging the gap between existing radar technology and clinical deployment. The specic
objectives of the thesis are as follows:

Objective 1: Radar Near-Field Sensing Using Single-Band Single-Focus
Metasurface

Design and validate a compact, passive, transmissive metasurface engineered using
phase-synthesized unit cells to focus the radar's electric eld at a speci c depth within
the skin. This metasurface is optimized for integration with the In neon BGT60TR13C
radar module and targets improved impedance matching at the air{skin interface, thereby
increasing the absorbed Poynting power density and re ected signal strength.

Objective 2: Synchronized Multi-Radar Fusion Sensing Using Single-Band,
Multi-Focus Metasurface for Real-Time Distributed Monitoring

Develop and implement a synchronized multi-radar sensing system in which multiple
radar modules, each equipped with identical near- eld metasurfaces, monitor physiological
signals from various body locations simultaneously. This distributed architecture com-
pensates for biological variability across body sites and enhances the robustness of glucose
monitoring. Data fusion and synchronization techniques are employed to integrate readings
in real-time.



Objective 3: Radar Near-Field Sensing Using Dual-Band, Independently
Tunable Dual-Focus Metasurface

Advance the system to a dual-band con guration that enables independent control of
two spatially distinct focal points using frequency-selective metasurface layers. This design
addresses the limitations of single-point sensing by enabling multi-depth interrogation,
useful for layered tissue analysis or simultaneous monitoring of multiple biomarkers.

Objective 4: Frequency-Scanning Multi-Radar Fusion Sensing Using Multi-
Band, Multi-Focus, Non-Interleaved Metasurface

Introduce a multi-band, non-interleaved metasurface design where discrete zones are
optimized for di erent operating frequencies. This enables depth-tunable sensing by utiliz-
ing the frequency-dependent penetration characteristics of millimeter-wave signals. Each
frequency zone functions as an independent matching network for a speci ¢ depth layer in
tissue.

Overall, this thesis systematically explores the design, simulation, and experimental
validation of metasurface-enhanced radar systems for biomedical sensing. By integrating
advanced electromagnetic structures with commercially available radar modules, the pro-
posed solutions address long-standing limitations in penetration, resolution, and system
integration for non-invasive internal sensing. The outcomes of this research aim to inform
future clinical technologies and lay the groundwork for practical, wearable, and contactless
radar-based biosensors capable of reliable real-time health monitoring.

1.3 Thesis Outline

This thesis is structured into ve chapters, each building upon the previous to develop and
evaluate a comprehensive radar-based sensing system for biomedical applications, partic-
ularly focused on non-invasive internal monitoring.

Chapter 2 presents a detailed literature review covering the foundational aspects of
near- eld sensing technologies and radar applications in biomedical contexts. It begins
by introducing key principles of near- eld microwave antennas, followed by an exploration
of their speci ¢ biomedical applications. The chapter then transitions into a focused dis-
cussion on metasurface-based near- eld focusing approaches, which form the theoretical
basis for the proposed solutions in this thesis. In the second part of the chapter, various
radar sensing technologies are reviewed, with emphasis on their roles in modern wireless
communication networks and their emerging use in medical sensing and imaging. The



chapter concludes by identifying the primary challenges in designing radar antennas for
bio-sensing, particularly within the near- eld regime.

Chapter 3 focuses on the fundamentals of radar sensing and introduces various power-
focusing enhancement techniques relevant to biomedical applications. It begins by outlining
the principles of radar operation, contrasting far- eld and near- eld sensing, and discussing
their implications in target monitoring. The chapter then presents three enhancement
strategies aimed at improving near- eld energy delivery: a 3D-printed dielectric rod lens,

a spherical GRIN Luneburg lens, and planar metasurfaces. These techniques are evaluated
in terms of their e ciency, complexity, and suitability for integration with compact radar
systems. This chapter establishes the motivation for adopting planar metasurfaces as a
practical and e ective solution for radar-based bio-sensing.

Chapter 4 constitutes the core of this thesis and details the design, development, and
validation of several metasurface-integrated radar systems tailored for biomedical sensing.
It encompasses four objectives, begins by introducing a single-frequency near- eld-focused
metasurface and its integration with a radar module in direct contact with a human skin
model. The subsections address the unitcell design, full-array construction, simulation
results, fabrication process, signal processing techniques, and measurement veri cation.
Building on this foundation, the chapter explores a synchronized multi-radar fusion system
for distributed sensing across multiple skin sites, followed by the development of a dual-
band metasurface capable of independently focusing energy at two distinct depths. Ad-
ditionally, a frequency-scanning radar architecture incorporating a non-interleaved multi-
band metasurface is introduced to enable depth-selective sensing. Throughout these sec-
tions, both simulation and experimental results are presented to validate the performance
improvements and biomedical sensing enhancements achieved through the proposed meta-
surface designs.

Chapter 5 concludes the thesis by summarizing the major ndings, emphasizing the
contributions made toward advancing radar-based near- eld biomedical sensing. It high-
lights how the integration of metasurfaces has improved power delivery, eld focusing,
and signal-to-noise ratio across various con gurations. The chapter also discusses poten-
tial future research directions, clinical trials, integration with wearable technologies, and
adaptation to other physiological monitoring targets.



Chapter 2

Literature Review

Radar sensing has gained signi cant attention in recent years due to its versatility, con-
tactless nature, and ability to function e ectively in challenging environments [1]. These
characteristics make it especially attractive for biomedical applications, where non-invasive
monitoring and reliability are of critical importance. Radar systems are capable of pene-
trating various materials, including biological tissues, without requiring physical contact,
enabling the collection of real-time physiological information while ensuring user comfort
and system longevity. As a result, radar sensing is increasingly being explored for diverse
medical applications such as respiration and heart rate monitoring [2], sleep analysis [3],
fall detection [4], and non-invasive blood glucose monitoring [5].

Despite these advantages, the application of radar to internal physiological sensing re-
mains complex. In biomedical contexts, especially when the radar is positioned in close
proximity to the human body, the operating conditions shift from the far- eld to the
near- eld regime. Under these conditions, conventional radar and antenna design prin-
ciples no longer apply. Challenges such as air-to-skin impedance mismatch, rapid decay
of evanescent elds, and poor eld penetration limit the e ectiveness of radar systems
in detecting subsurface physiological changes. These limitations underscore the need for
advanced electromagnetic structures and antenna design strategies that can overcome the
inherent di culties associated with near- eld biomedical sensing.

Exploring the engineering of the near- eld (NF) in radiating systems has therefore
attracted increasing interest, particularly due to its wide array of practical applications
across multiple domains. These include near- eld radiometry [6], which is crucial for
measuring electromagnetic emissions from electronic devices, deep tissue hyperthermia [7],
where localized energy deposition is essential for therapeutic treatment, and wireless power
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transfer to biomedical implants [8], which ensures continuous and non-invasive powering
of embedded devices. These examples illustrate the broad utility of near- eld engineering
beyond traditional wireless communication, particularly within biomedical systems.

Antenna near- eld sensing plays a pivotal role in advancing biomedical applications
by facilitating non-invasive diagnostics, medical imaging, and therapeutic interventions.
This technology enables precise and detailed medical imaging which assists in early dis-
ease detection and the study of soft tissues and organs. Near- eld sensors are crucial for
wireless communication in implantable medical devices, promoting remote monitoring and
improving patient care. They also aid in research by providing insights into the electro-
magnetic properties of biological tissues and cells. Additionally, near- eld sensing supports
the development of minimally invasive procedures for cancer treatment and drug delivery,
o0 ering safer and more e ective options for patients. These applications underscore the sig-
ni cance of antenna near- eld sensing in the ever-evolving landscape of biomedical research
and healthcare [9].

In essence, the primary objective of near- eld engineering is to control and shape the
electromagnetic eld distribution in the immediate vicinity of an antenna. This involves
tailoring the eld to achieve desired characteristics either in free space or within sur-
rounding materials such as biological tissues. Applications range from enhancing signal
propagation and maximizing energy absorption to directing electromagnetic energy for
therapeutic or diagnostic purposes. Near- eld engineering thus holds signi cant potential
to transform the way electromagnetic energy is utilized, particularly in advanced biomedical
systems. However, unlike the far- eld regime, where radiated elds are well-behaved and
design methodologies are well-established, the near- eld region, typically de ned within
a few wavelengths of the antenna, is characterized by highly complex, reactive, and non-
radiative eld components. These complexities make accurate modeling and optimization
more di cult and contribute to the lack of standardized design frameworks, thereby posing
a considerable challenge for practical implementation in precision applications.

There are many existing technologies available today for health and activity monitoring
that can track physiological parameters and support healthcare applications [10]. However,
most of these are either contact-based or limited in their sensing depth and accuracy. In
response, radar sensing and near- eld antenna technologies|especially those enhanced by
emerging concepts such as metasurfaces, o er promising avenues for addressing the unmet
needs in biomedical sensing.

In this chapter, we present an extensive review of the existing literature related to radar
sensing and near- eld antenna design, with a particular focus on their integration into
biomedical applications. We begin by examining radar technologies and their potential in



healthcare, followed by a focused discussion on near- eld sensing principles, and conclude
with a review of metasurface-based solutions for near- eld enhancement in radar-based
biomedical sensing.

2.1 Overview of Radar Sensing Technologies

Radar is a mature and widely adopted technology that utilizes electromagnetic waves to
detect and characterize objects based on the re ection of transmitted signals. Originally
developed for military and aviation applications, radar has evolved to serve a broad range
of domains including automotive safety systems, remote sensing, environmental monitor-
ing, gesture recognition, and healthcare. The core operating principle of radar involves
the transmission of modulated electromagnetic waves, typically in the radio or microwave
frequency range, which re ect o a target and return to the receiver. By analyzing pa-

rameters such as time delay, frequency shift (Doppler), and amplitude, radar systems can
extract information about the target's distance, velocity, motion, and material properties.

Monostatic and bistatic radar systems represent two fundamental con gurations used
for target detection and range measurement [11]. In a monostatic radar, the transmitter
and receiver are co-located or share the same antenna, meaning that the radar transmits
a signal and listens for its echo from the same position, as shown in Fig. 2.1a. This setup
simpli es the system architecture and signal processing, making monostatic radars widely
used in applications such as automotive sensing, weather monitoring, and biomedical di-
agnostics. In contrast, a bistatic radar separates the transmitter and receiver by a nite
distance, forming a spatial baseline between the two, as shown in Fig. 2.1b. This con g-
uration o ers advantages in terms of reduced susceptibility to detection, enhanced spatial
resolution, and the ability to capture scattered signals from di erent angles. However,
bistatic systems require more complex synchronization and geometry management, as the
signal path and processing depend on the positions of both the transmitter and receiver
relative to the target. In biomedical sensing contexts, monostatic con gurations are more
commonly adopted due to their compactness and ease of integration, although bistatic ap-
proaches are being explored for specialized applications that bene t from angular diversity
or distributed sensing.

Radar sensing technologies have undergone remarkable advancements over the past
several decades, evolving from bulky, military-grade systems into compact, high-resolution
sensors suitable for a wide range of commercial and scienti ¢ applications. These ad-
vancements have been driven by innovations in microwave engineering, signal processing,
semiconductor fabrication, and antenna design.
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(a) (b)

Figure 2.1: (a) lllustration of the general principle of radar performance in two con gura-
tions: (a) monostatic radar, where the TX and RX are co-located, and (b) bistatic radar,
where the TX and RX are spatially separated, forming a bistatic angle at the target [11].

O -the-shelf radar modules o er numerous bene ts that have signi cantly accelerated
the adoption and development of radar-based solutions across various elds. These pre-
designed, cost-e ective platforms provide ease of integration, compact form factors, and
reliable performance, making them ideal for both research and commercial applications. As
illustrated in Fig. 2.2, various o -the-shelf radar modules have been widely adopted across
multiple domains. For instance, the Texas Instruments AWR1843BOOST radar module,
operating at 79 GHz, has been widely used in automotive systems for applications such
as object detection and adaptive cruise control [12]. The HB100 radar module, operating
at 10 GHz, has found utility in through-the-wall sensing, safety monitoring, and collision
warning systems [13]. Similarly, the In neon BGT60TR13C radar, operating at 60 GHz, is
commonly employed in biomedical and human-machine interaction applications, including
cardio-respiratory health monitoring, eye tracking, gesture recognition, and in-car driver
monitoring [14, 15]. These modules exemplify the versatility and accessibility of commercial
radar systems, enabling rapid prototyping and deployment in diverse sensing environments.

2.1.1 Radar Applications in Modern Wireless Systems

Radar technology has evolved from its origins in military and defense systems into a vital
component of modern wireless systems, nding broad adoption in automotive, industrial,
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